Introduction
============

Acute kidney injury is a common syndrome that occurs in approximately 5% of hospitalizations and is often associated with various short- and long-term complications ([@B36]). Previously considered to be a benign and reversible syndrome, AKI is now associated with the progression of CKD and ESRD, which lead to approximately 2 million deaths each year globally, and its incidence is growing ([@B11]; [@B7]; [@B10]).

Ischemia-reperfusion injury is a pathological process that leads to acute tubulointerstitial injury. IRI may be followed by a repair process that restores the kidney to normal morphology and function if the injury is mild but may also lead to permanent damage, progressive fibrosis and CKD in cases of severe injury ([@B2]; [@B24]). The duration of renal ischemia has been well recognized in clinical studies to be associated with the severity and progression of AKI. Additionally, discharged patients, who suffered from repeated episodes of kidney injury may have an increased risk of progression to CKD. Many studies have used different ischemia/reperfusion (I/R) models to mimic human AKI and study the mechanism of progression from AKI to CKD. However, few studies have provided a side-by-side comparison of AKI prognosis and AKI-to-CKD progression among different I/R animal models with variable ischemia duration and episodes ([@B21]; [@B9]; [@B35]).

In view of various short- and long-term complications of AKI, early detection and treatment are important to improve the prognosis of these patients. Because renal biopsy, the gold standard for the diagnosis of kidney disease, cannot be widely performed in clinical practice due to the contraindication or serious condition of AKI patients, noninvasive biomarkers are urgently needed to predict renal outcomes and identify patients at high risk for CKD progression ([@B14]). Clinically, a rise in serum creatinine (Scr) is traditionally applied to diagnose AKI. However, during nonsteady-state conditions, Scr-based estimates of glomerular filtration rate (GFR) are inaccurate and insensitive, making assessment of true renal function difficult ([@B25]; [@B13]). Over the past few years, novel noninvasive biomarkers such as kidney injury molecule (KIM)-1 and NGAL have been well considered to be early biomarkers of kidney injury. Recent studies have also speculated KIM-1 and NGAL to be associated with chronic kidney injury ([@B18]; [@B6]; [@B23]; [@B7]). However, few studies have focused on the dynamic changes in KIM-1 and NGAL levels during AKI-to-CKD progression.

In the present study, we performed a detailed side-by-side comparison among different I/R animal models with variable ischemia duration and episodes and studied the dynamic changes in KIM-1, NGAL, and Scr from AKI to CKD phases. We hope to provide a better understanding of these I/R models and their relevance to human AKI, and to help researchers and clinicians better monitor AKI progression.

Materials and Methods {#s1}
=====================

Animal Models
-------------

Male C57BL/6J mice weighing 22--25 g were purchased from Shanghai Science Academy Animal Center (Shanghai, China) ([Supplementary Table S1](#SM1){ref-type="supplementary-material"}), housed under a constant 12-h light--dark cycle at a temperature between 21°C and 23°C and allowed free access to food and water. Mice were subjected to acute ischemic kidney injury induced by unilateral ischemia-reperfusion (UIRI). Briefly, mice were given general anesthesia of an intraperitoneal injection of a mixture of ketamine hydrochloride (100 mg/kg body weight) and xylazine hydrochloride (10 mg/kg body weight). The left kidney was exposed through a midline abdominal incision, followed by the induction of ischemia in the kidney with the placement of an atraumatic microaneurysm clamp (Fine Science Tools, Cambridge, United Kingdom) on the left renal pedicle. After a predetermined time of ischemia, the clamps were removed, and the reperfusion of the kidney was visually confirmed by a color change from dark purple back to red. Sham-operated mice were subjected to a similar surgical procedure without clamping of the left renal pedicles. Throughout the surgery, body temperature was maintained at 37 ± 0.3°C with a temperature-controlled heating system (Alcott Biotech Co., Ltd, Shanghai, China), and the mouse body was covered with gauze soaked in warm water to preserve moisture. Due to the compensatory effect of the right kidney, the UIRI model allowed the study of a large range of kidney injury severity. To evaluate the function of the injured kidney, the healthy contralateral kidney was removed 24h before the collection of the blood sample for Scr measurement ([Supplementary Figure S1A](#SM1){ref-type="supplementary-material"}). All animal experiments were approved by the Laboratory Animal Care and Ethical Committee of Shanghai Jiao Tong University Affiliated Sixth People's Hospital.

Blood and Urine Biochemical Measurements
----------------------------------------

Serum creatinine was determined using a Quantichrom assay kit (BioAssay Systems, Hayward, CA, United States) according to the manufacturer's protocol. Urinary kidney injury molecule 1 (uKIM-1) and urinary neutrophil gelatinase-associated lipocalin (uNGAL), as well as their counterparts serum kidney injury molecule 1 (sKIM-1) and neutrophil gelatinase-associated lipocalin (sNGAL), were measured using enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, MN, United States).

Histology and Quantitative Assessment of Tubular Injury and Fibrosis
--------------------------------------------------------------------

Paraformaldehyde-fixed kidneys were dehydrated in ethanol and embedded in paraffin. Then, the kidney tissue blocks were sectioned to a thickness of 3 μm for light microscopy. Hematoxylin-eosin (HE) and Masson trichrome staining were performed to assess histological injury and fibrosis. Tubular injury was scored semiquantitatively by a blinded observer who examined at least 20 cortical fields (×200 magnification) of periodic acid-Schiff (PAS)-stained sections. Tubular injury was defined as tubular dilation, tubular atrophy, tubular cast formation, sloughing of tubular epithelial cells or loss of the brush border and thickening of the tubular basement membrane using the following scoring system: Score 0: no tubular injury; Score 1: \<10% of tubules injured; Score 2: 10--25% of tubules injured; Score 3: 25--50% of tubules injured; Score 4: 50--74% of tubules injured; Score 5: \>75% of tubules injured ([@B12]). Quantification of fibrosis was performed by measuring the presence of interstitial fibrosis in Masson trichrome-stained sections from each kidney. Briefly, digital images of at least 20 cortical fields ( × 200 magnification) were examined by an experienced pathologist in a blinded manner and scored using the following scale: Score 0: no evidence of interstitial fibrosis; Score 1: \<25% involvement; Score 2: 25 to 50% involvement: Score 3: \>50% involvement ([@B31]).

Immunohistochemistry Staining
-----------------------------

Paraformaldehyde-fixed, paraffin-embedded 3-μm-thick sections were deparaffinized and rehydrated. After antigen retrieval, sections were incubated overnight with antibodies against α-SMA, collagen 1, Ly6g, Ki-67 (Abcam, United States) and F4/80 (ABD Serotec, United Kingdom) at 4°C ([Supplementary Table S3](#SM1){ref-type="supplementary-material"}), followed by biotinylated secondary antibody (Dako, Carpinteria, CA, United States) for 60 min at 37°C. Then, 3,3-diaminobenzidine was used as the chromogen. Finally, the slides were counterstained with hematoxylin and mounted after dehydration. The staining was semiquantitatively scored separately on a scale of 0--4 in a blinded manner by an experienced pathologist (Score 0: absence of specific staining; Score 1: \<25% area has specific staining; Score 2: 25 to 50%; Score 3: 50 to 75%; Score 4: \>75% ) ([@B16]). Ly6g, F4/80 and Ki-67-positive cells were quantified by counting the number of stained cells per high-power field (hpf) (×400) with 10 hpfs included in each slide.

Western Blot Analysis
---------------------

Tissue was lysed with RIPA buffer containing protease and phosphatase inhibitor cocktail. The α-SMA antibody (Abcam, United States) was used for immunoblot analysis. We repeated each Western blot analysis using protein from three separate experiments. The specific protein bands were scanned using the Western Blotting Detection System (BIO-RAD). The area of each band was analyzed using the National Institutes of Health image software (ImageJ).

Real-Time PCR Quantification
----------------------------

Total RNA was extracted from kidney samples using Trizol (Invitrogen, Carlsbad, CA, United States). RNA was reversed-transcribed into c-DNA using Superscript III First-Strand Synthesis SuperMix (Invitrogen, Carlsbad, CA, United States). Real-time PCR was performed with the Step One Plus System (Applied Biosystems, Foster City, CA, United States) using SYBR Green Master Mix (Qiagen). Using the 2-ΔΔCt method, relative quantification of the gene expression was determined ([Supplementary Table S2](#SM1){ref-type="supplementary-material"}). Gene expression was normalized to GAPDH.

Apoptosis Assessment
--------------------

TUNEL staining for cell apoptosis in renal tissues was employed to evaluate the extent of apoptosis using an ApopTag^®^ Red *In Situ* Apoptosis Detection Kit (Millipore, United States). The number of apoptotic cells with red fluorescent nuclear staining was calculated using fluorescence microscopy. Apoptotic nuclei were quantified in ten hpfs (x400) per slide.

Statistical Analysis
--------------------

Data are expressed as the mean ± standard error (SEM). The two-sided unpaired *t*-test was used to analyze data between two groups after determination of data distributions and variance. ANOVA with Bonferroni correction was used when more than two groups were present. Spearman correlation analysis was used to analyze correlations. GraphPad Prism software, version 6.0 was used for statistical analyses. *P*-values were two-sided, and *P* \< 0.05 was considered statistically significant.

Results
=======

Relationship Between Ischemia Duration and Severity of Acute Tubule-Interstitial Injury in IRI Mice
---------------------------------------------------------------------------------------------------

We first examined the effect of ischemia duration on kidney injury in UIRI mice. Mice subjected to 20 min-UIRI showed mild renal tubular injury at day 1 post-ischemia, which reversed to normal at day 3 and was completely recovered at day 7 ([Figure 1A,B](#F1){ref-type="fig"}). However, 30 min-UIRI caused severe tubular interstitial damage characterized by tubular lumen dilatation, cellular detachment from tubular basement membranes, tubular cast formation and focal inflammatory cell infiltration in the interstitium, which got even worse in the 45 min-UIRI mouse group ([Figure 1A,B](#F1){ref-type="fig"}). Glomerular injury was absent in all conditions. Consistent with the histological observations, the Scr level was significantly elevated at day 1 after 20 min of UIRI but returned to baseline 3 days after IRI. However, in the 30 and 45 min-UIRI mouse groups, the Scr level was increased at day 1 post-ischemia and was even higher at day 3 ([Figure 1C](#F1){ref-type="fig"}). These data suggest an ischemia time-dependent change in kidney injury in these IRI mice.

![Relationship between ischemia duration and severity of acute tubule-interstitial injury. **(A)** HE and Masson staining of kidneys during the acute phase of kidney injury (original magnification × 400; Scale bar, 20 μm). **(B)** Acute tubular injury score of mouse kidneys during the acute phase of kidney injury. **(C)** Changes in Scr levels in mice during the acute phase of kidney injury. Data are presented as the means ± SEM of four experiments. *n* = 6; ^∗^*P* \< 0.05 vs. the control group. \#*P* \< 0.05 vs. the 20 min-ischemia group. Φ*P* \< 0.05 vs. the 30 min-ischemia group.](fphys-10-00153-g001){#F1}

A Long Ischemia Duration Induced Kidney Fibrosis and AKI-to-CKD Transition in IRI Mice
--------------------------------------------------------------------------------------

We next investigated the effect of a long ischemia duration on the progression of kidney injury in IRI mice. Kidney mass at day 28 post-ischemia was significantly reduced in mice subjected to 30 or 45 min-IRI ([Supplementary Figures S2A,B](#SM1){ref-type="supplementary-material"}). Histologically, H&E and Masson's trichrome staining showed features of chronic injury in kidney sections of the 30 min-UIRI mouse group characterized by significant tubular dilatation, casts or intraluminal debris, kidney interstitial fibrosis and diffused infiltration of inflammation starting at day 7 post-ischemia, which were even worse in the 45 min-UIRI mouse group ([Figure 2A](#F2){ref-type="fig"}). Fibrosis scores showed an increase in fibrosis from day 7 to day 28 post-ischemia, and a much higher score was observed in the 45-min UIRI mouse group than in the 30-min UIRI group ([Figure 2B](#F2){ref-type="fig"}). To confirm the effect of long-term ischemia on fibrosis in IRI kidney, we found that the expression of fibrosis markers (α-SMA, collagen I and fibronectin) was progressively elevated from day 7 to day 28 post-ischemia in an ischemia time-dependent manner, as measured by immunohistochemistry, western blot, and real-time PCR ([Figure 3A](#F3){ref-type="fig"}--[D](#F3){ref-type="fig"}). As shown in [Figure 2C](#F2){ref-type="fig"}, Scr was elevated significantly at day 1 and day 3 post-ischemia, though it decreased beginning on day 7, the level of Scr was still increased at day 7, 14 and 28 post IRI as compared to the baseline (*P* \< 0.05). Our data confirmed that severe ischemic kidney injury caused renal fibrosis in IRI mice.

![A long ischemia duration induced AKI-to-CKD transition in IRI mice. **(A)** HE and Masson staining of kidneys during the chronic phase of kidney injury (original magnification × 400; Scale bar, 20 μm). **(B)** Tubulointerstitial fibrosis scores of mouse kidneys during the chronic phase of kidney injury. **(C)** Changes in Scr levels in mice in 28 days post ischemia. Data are presented as the means ± SEM of four experiments. *n* = 6; ^∗^*P* \< 0.05 vs. the control group. \#*P* \< 0.05 vs. the 20 min-ischemia group. Φ*P* \< 0.05 vs. the 30 min-ischemia group.](fphys-10-00153-g002){#F2}

![A long ischemia duration induced kidney fibrosis in IRI mice. **(A)** Immunohistochemical staining of α-SMA and collagen I in kidneys, with representative pictures shown (original magnification × 400; Scale bar, 20μm). **(B)** Semiquantitative data of α-SMA and collagen I staining in different groups of mice. ^∗^*P* \< 0.05 vs. the control group. \#*P* \< 0.05 vs. the 30-min ischemia group. **(C)** Protein and mRNA expression of fibrosis markers in the kidney tissue lysates of mice subjected to different durations of ischemia at day 28 post-operation. ^∗^*P* \< 0.05 vs. the sham control group. \#*P* \< 0.05 vs. the 30-min ischemia group. **(D)** Protein and mRNA expression of fibrosis markers in the kidney tissue lysates of mice subjected to 45 min-IRI at different time points post ischemia. ^∗^*P* \< 0.05 vs. the baseline control group. \#*P* \< 0.05 vs. Day 3. Φ*P* \< 0.05 vs. Day 7. σ*P* \< 0.05 vs. Day 14. All data above are presented as the means ± SEM of four experiments. *n* = 6.](fphys-10-00153-g003){#F3}

Elevated Apoptosis and Inflammation Were Associated With IRI-Induced AKI Severity and the AKI-to-CKD Transition
---------------------------------------------------------------------------------------------------------------

We then performed TUNEL staining to investigate whether apoptosis was involved in IRI-induced AKI. Apoptotic cells were detected not only at the acute phase of AKI (day 3 post-ischemia) but also during the AKI-to-CKD transition (day 28 post-ischemia) in the tubular compartment of 30 min-UIRI mice and were more prominent in 45 min-UIRI mice ([Figure 4A,B](#F4){ref-type="fig"}). Upregulation of proapoptotic genes (bax and bim) and downregulation of the antiapoptotic gene bcl-2 were also detected by real-time PCR ([Figure 4C](#F4){ref-type="fig"}). We further examined the infiltration of inflammatory cells and the expression of inflammatory mediators in the IRI kidneys. Immunostaining showed significantly more neutrophil accumulation by Ly6g staining in the 30 min-UIRI group than in the 20 min-UIRI mice on day 3, and the expression of Ly6g was more pronounced in the kidney sections of the 45 min-UIRI group ([Figure 5A,B](#F5){ref-type="fig"}). Gene expression of inflammatory mediators, monocyte chemoattractant protein 1 (MCP1), tumor necrosis factor (TNF)-α and interleukin (IL)-6, by real-time PCR also showed an ischemia time-dependent increase in the ischemic kidneys at the early stage of AKI ([Figure 5C](#F5){ref-type="fig"}). As an indicator of chronic inflammation, significantly greater infiltration of macrophages was found in 30 and 45 min-UIRI than in the 20 min-UIRI mice at day 28 post-ischemia, associated with increased gene expression of MCP1, TNF-α, and IL-6 ([Figure 5A](#F5){ref-type="fig"}--[C](#F5){ref-type="fig"}). To obtain a better understanding of the repair process after IRI, we stained for Ki-67, a well-known marker for cell proliferation. Increased Ki-67 expression was found in renal tubular epithelial cells at the acute phase of IRI and in both tubular and interstitial cells at the later stage when there was an AKI-to-CKD transition ([Figure 5D,E](#F5){ref-type="fig"}). These results suggest that elevated apoptosis, inflammation and an imbalance of renal cell proliferation/apoptosis in response to time-dependent ischemic injury may contribute to AKI severity and the AKI-to-CKD transition.

![Elevated apoptosis was associated with IRI-induced AKI severity and the AKI-to-CKD progression. **(A)** TUNEL staining to measure the apoptosis of renal tubular epithelial cells in each mouse group at days 3 and 28 post ischemia (original magnification × 400; Scale bar, 20 μm). **(B)** Quantitative analysis of the number of apoptotic cells in each group. **(C)** Expression of proapoptotic genes (Bax and Bim) and the antiapoptotic gene bcl-2 was measured by real-time PCR. Data are presented as the means ± SEM of four experiments. *n* = 6; ^∗^*P* \< 0.05 vs. the control group. \#*P* \< 0.05 vs. the 20-min ischemia group. Φ*P* \< 0.05 vs. the 30 min-ischemia group.](fphys-10-00153-g004){#F4}

![Elevated inflammation was associated with IRI-induced AKI severity and the AKI-to-CKD transition. **(A)** Immunohistochemical staining of Ly6g (a neutrophil marker) at day 3 and F4/80 (a macrophage marker) at day 28 post ischemia in kidneys subjected to different durations of ischemia (original magnification × 400; Scale bar, 20 μm). **(B)** Semiquantitative data of Ly6g and F4/80 staining in different groups of mice. **(C)** Expression of inflammatory mediators (MCP1, TNF-α, and IL-6) was measured by real-time PCR. **(D)** Immunohistochemical staining of Ki-67 (a marker of proliferation) at day 3 and day 28 post ischemia in kidneys subjected to different durations of ischemia (original magnification × 400; Scale bar, 20 μm). **(E)** Semiquantitative data of Ki-67 staining in different groups of mice. T, tubule; I, interstitium. Data are presented as the means ± SEM of four experiments. *n* = 6; ^∗^*P* \< 0.05 vs. the control group. \#*P* \< 0.05 vs. the 20 min-ischemia group. Φ*P* \< 0.05 vs. the 30 min-ischemia group.](fphys-10-00153-g005){#F5}

Repeated Episodes of Moderate IRI Accelerated Kidney Injury in Mice
-------------------------------------------------------------------

To examine whether repeated episodes of IRI accelerate kidney injury and kidney fibrosis, mice were subjected to a single 30 min-UIRI attack, and then a repeated episode of 30 min-UIRI was performed after a 7 day-interval ([Supplementary Figure S1B](#SM1){ref-type="supplementary-material"}). Data showed that a single episode of 30 min-UIRI resulted in tubular dilatation, focal infiltration of inflammatory cells and moderate interstitial fibrosis at day 14 post-ischemia. However, the lesions in the repeated-attack group were more serious ([Figure 6A,B](#F6){ref-type="fig"}). Consistently, Scr levels in mice subjected to repeated 30 min-UIRI attack were significantly higher than those in mice subjected to a single attack ([Figure 6C](#F6){ref-type="fig"}). Assessment of renal fibrosis markers (α-SMA, collagen I and fibronectin) showed worse renal fibrosis scores in repeated-attacked IRI mice compared to those in single-attack mice, as measured by immunostaining, western blot and real-time PCR ([Figure 6A,D--F](#F6){ref-type="fig"}). These findings indicate that repeated episode of I/R attack accelerates kidney injury and the AKI-to-CKD progression in IRI mice.

![Repeated episodes of moderate IRI accelerated kidney injury in mice. **(A)** HE and Masson's trichrome staining as well as immunohistochemical staining of α-SMA and collagen I in kidneys at day 14 after the first renal ischemia attack are shown (original magnification × 400; Scale bar, 20 μm). **(B)** Tubulointerstitial fibrosis score of mouse kidneys at day 14 after the first renal ischemia attack. **(C)** Changes in Scr levels in mice at day 14. **(D)** Semiquantitative data of α-SMA and collagen I staining in different groups of mice. **(E)** Western blot analysis of α-SMA in the kidney tissue lysates of mice in each group. The densitometry analyses of Western blot are shown. **(F)** Effect of the frequency of ischemia attack on the mRNA expression of fibrosis markers in kidney tissue lysates. Data are presented as the means ± SEM of four experiments. *n* = 6; ^∗^*P* \< 0.05 vs. the sham control group. \#*P* \< 0.05 vs. the sham/sham group. Φ*P* \< 0.05 vs. the single-attack group.](fphys-10-00153-g006){#F6}

Increased Apoptosis and Inflammation Were Associated With the Acceleration of the AKI-to-CKD Transition in Mice Exposed to Repeated IRI
---------------------------------------------------------------------------------------------------------------------------------------

To examine whether apoptosis and inflammation were also associated with the repeated IRI-induced acceleration of AKI-to-CKD transition, we studied cell apoptosis status as well as the expression of inflammatory markers in the IRI kidneys. TUNEL staining showed that the number of tubular apoptotic cells increased along with the repeated IRI attack, followed by upregulation of proapoptotic genes (bax and bim) and downregulation of bcl-2 ([Figure 7A](#F7){ref-type="fig"}--[C](#F7){ref-type="fig"}). Immunostaining revealed significantly more infiltration of macrophages in kidney sections of repeated-attack mice than in those of the single-attack mice ([Figure 7D,E](#F7){ref-type="fig"}). Repeated-attack mice showed significantly higher MCP1, TNF-α, and IL-6 expression than single-attack mice, as assessed by real-time PCR ([Figure 7F](#F7){ref-type="fig"}). A significant increase in interstitial cell proliferation was also detected in kidney sections of the repeated IRI group by Ki-67 staining ([Figure 7D,E](#F7){ref-type="fig"}). These data suggest that increased apoptosis, inflammation and interstitial cell proliferation might be involved in the acceleration of the AKI-to-CKD transition in mice exposed to repeated IRI attacks.

![Increased apoptosis and inflammation were associated with the acceleration of the AKI-to-CKD transition in mice exposed to repeated IRI attacks. **(A)** TUNEL staining to measure the apoptosis of renal tubular epithelial cells in kidneys at day 14 after the first renal ischemia attack (original magnification × 400; Scale bar, 20 μm). **(B)** Quantitative analysis of the number of apoptotic cells in each group. **(C)** Expression of proapoptotic genes (bax and bim) and the antiapoptotic gene bcl-2 were measured by real-time PCR. **(D)** Immunohistochemical staining of F4/80 (a macrophage marker) and Ki-67 (a marker of proliferation) at day 14 after the first renal ischemia attack (original magnification × 400; Scale bar, 20 μm). **(E)** Semiquantitative data of F4/80 and Ki-67 staining in different groups of mice. **(F)** Expression of inflammatory mediators (MCP1, TNF-α, and IL-6) was measured by real-time PCR. Data are presented as the means ± SEM of four experiments. *n* = 6; ^∗^*P* \< 0.05 vs. the sham control group. \#*P* \< 0.05 vs. the sham/sham group. Φ*P* \< 0.05 vs. the single-attack group.](fphys-10-00153-g007){#F7}

Dynamic Changes in KIM-1 and NGAL From AKI to CKD Phases in IRI Mice With Different Ischemia Durations and Episodes
-------------------------------------------------------------------------------------------------------------------

To explore the role of novel noninvasive biomarkers in the early detection of AKI, we measured the levels of KIM-1 and NGAL in the serum and urine of 10 and 15 min-UIRI mice. Our data showed that, although there was no change in morphology or Scr levels ([Supplementary Figures S3A,B](#SM1){ref-type="supplementary-material"}), the levels of KIM-1 and NGAL in the blood and urine were significantly higher in the 10 and 15 min-UIRI mouse group than in the control group ([Supplementary Figures S3C--F](#SM1){ref-type="supplementary-material"}), suggesting that KIM-1 and NGAL are more sensitive than Scr in detecting early injury.

To determine whether KIM-1 and NGAL could be used to assess the long-term effect of ischemia-induced kidney injury on the AKI-to-CKD transition, the time course of changes in the serum and urine concentrations of KIM-1 and NGAL were examined on days 1, 3, 7, 14 and 28 post-ischemia in different mice group ([Figure 8A](#F8){ref-type="fig"}--[D](#F8){ref-type="fig"}). Further more, the dynamic changes in KIM-1, NGAL and Scr levels in 45 min-IRI mice were plotted against time, with the level at the time point with the highest mean value set to 100%, and the levels at all other time points converted to a percentage of this maximum. As shown in [Figure 9A](#F9){ref-type="fig"}, both serum and urine levels of creatinine and KIM-1 were transiently increased at the acute stage of kidney injury, peaking at day 3, decreasing significantly beginning on day 7 and remaining slightly higher than baseline at day 28 post-ischemia. Notably, the serum and urine levels of NGAL progressively increased from the initiation of IRI until the chronic phase of the disease, which remained substantially elevated at day 28 post-ischemia, suggesting that NGAL might be a better biomarker to dynamically monitor AKI-to-CKD progression ([Figure 9A](#F9){ref-type="fig"}). We also found a positive association between sNGAL/uNGAL level and tubulointerstitial fibrosis by histological quantification in UIRI mice with AKI-to-CKD progression (*r* = 0.87, 0.93, *P* \< 0.01) ([Figure 9B](#F9){ref-type="fig"}). In addition, both KIM-1 and NGAL levels were much higher in mice exposed to repeated episodes of 30 min-UIRI than in mice exposed to single 30 min-UIRI attack ([Supplementary Figures S4A--D](#SM1){ref-type="supplementary-material"}). Taken together, these data indicate that both KIM-1 and NGAL enable the early detection of kidney injury, but NGAL might be a better biomarker for sustained kidney injury and AKI-to-CKD progression.

![Novel AKI biomarkers KIM-1 and NGAL enabled the noninvasive and early detection of AKI. **(A--D)** Tubular injury biomarker changes in mice subjected to different durations of ischemia at 28 days post ischemia: **(A)** serum KIM-1, **(B)** urinary KIM-1, **(C)** serum NGAL, **(D)** urinary NGAL. Data are presented as the means ± SEM of four experiments. *n* = 6; ^∗^*P* \< 0.05 vs. the control group. \#*P* \< 0.05 vs. the 20-min ischemia group. Φ*P* \< 0.05 vs. the 30-min ischemia group.](fphys-10-00153-g008){#F8}

![NGAL was better associated with AKI-to-CKD progression. **(A)** The time course of changes in Scr levels and biomarker concentration after 45 min of UIRI. To create this plot, the level at the time point with the highest mean value was set to 100%, and the levels at all other time points were converted to a percentage of this maximum. **(B)** Correlations were analyzed between sNGAL and the extent of tubulointerstitial fibrosis (*r* = 0.87, *P* \< 0.0001) and uNGAL and the extent of tubulointerstitial fibrosis (*r* = 0.93, *P* \< 0.0001). sNGAL: serum NGAL, uNGAL: urinary NGAL.](fphys-10-00153-g009){#F9}

Discussion
==========

Ischemia reperfusion injury is one of the most common causes of AKI in clinical practice, which is associated with high medical cost, increased length of hospital stay and in-hospital mortality ([@B36]). In contrast to the traditional view that the renal function of AKI patients tends to recover completely, an increasing number of clinical studies have indicated that survivors of AKI may have a considerable risk of progressing to CKD ([@B11]; [@B7]; [@B10]). To clarify to what extent the severity of tubule injury was associated with renal prognosis, we examined UIRI mouse models with different durations of ischemia. Our data suggested that AKI severity and the subsequent AKI-to-CKD progression are dependent on ischemia duration in this model, which is in accordance with previous studies showing that, although multiple clinical factors such as medical condition, advanced age and genetic diversity play a role, AKI severity seems to be the most significant risk factor for poor long-term outcome ([@B21]; [@B9], [@B10]; [@B11]).

Discharged AKI patients are known to be susceptible to a repeated episode of kidney attack, which may increase the risk of rehospitalization and accelerate the progression of kidney disease. In a hospital-based cohort of patients with diabetes mellitus, [@B35] found that AKI increases the risk of advanced CKD in diabetic patients and that each episode of AKI doubles the risk. Data from another community-based cohort of patients with CKD suggests that an episode of superimposed acute renal failure was associated with a high risk of irreversible renal dysfunction and aggravated the progression to ESRD ([@B19]). Our data demonstrated that a repeated AKI episode on a kidney previously lesioned with 30 min-UIRI accelerated the AKI-to-CKD transition. This finding was consistent with the results of a previous study showing that repeated proximal tubule injuries induced by diphtheria toxin administration could cause sustained interstitial fibrosis ([@B34]).

Thus far, the underlying mechanism of why a prolonged ischemia duration or repeated episodes of IRI lead to a greater susceptibility to severe kidney injury and AKI-to-CKD transition is still incompletely understood. Apoptosis is a key characteristic of AKI. Recently, Dong et al. found that conditional Bax deletion specifically from proximal tubules attenuated renal tubular cell apoptosis and ameliorated IRI in Bax-deficient mouse models ([@B37]). In another study, Padanilam et al. indicated that p53 has profound effects on tubular cell apoptosis after IRI. The absence of p53 in the proximal tubule significantly preserves renal function and reduces kidney damage ([@B39]). Our data revealed increased tubular cell apoptosis, elevated proapoptotic gene expression and decreased antiapoptotic genes in the IRI kidneys at both the acute and chronic phases, suggesting that mice suffering from severe AKI underwent maladaptive repair process of cell apoptosis, potentially leading to kidney fibrosis and irreversible chronic injury. Proinflammatory leukocytes have also been speculated to play important roles in the pathogenesis of IRI ([@B22]). In our research, infiltration of neutrophils and macrophages was found to increase at the early and late stages of IRI in an ischemia time-dependent manner, which is consistent with a previous study showing that macrophage depletion attenuated the gene expression of inflammatory and profibrotic cytokines in an IRI mouse model ([@B27]). It is known that Ki-67 is a nuclear non-histone protein that is presented at low levels in quiescent cells, but increased in proliferating cells, especially in the G2, M, and latter half of the S phase ([@B15]; [@B33]). Ki-67 is used as a marker to measure tubular regeneration and renal repair after AKI ([@B26]; [@B40]). Ki-67+ proliferating in tubular and interstitial cells has been found to be evident in CKD animal models as well ([@B4]; [@B32]). In our study, we also found increased Ki-67 expression in renal tubular epithelial cells at acute phase of IRI, whereas it occurred in both tubular and interstitial cells at the later stage when there was an AKI-to-CKD transition. 30 min of ischemia time appears to be a cut off since interstitial Ki-67 alterations occur only when ischemia time was ≥30 min, indicating the ischemic time-dependent injury in tubular interstitium. A possible explanation for these observations could be that defects in the progression of the cell cycle after injury may switch tubular cells to a pro-fibrotic phenotype, thus promoting a fibrogenic response ([@B38]). Therefore, severe AKI could result in incomplete repair and persistent tubulointerstitial inflammation, with proliferation of fibroblasts and excessive deposition of extracellular matrix, leading to CKD and even progression to ESRD.

The early identification and initiation of treatment in AKI patients who are at risk of developing progressive CKD is known to substantially improve the prognosis of the disease. Over the past few years, KIM-1 and NGAL have been recognized as early biomarkers of AKI ([@B29]; [@B20]; [@B18], [@B17]). In our study, KIM-1 and NGAL were shown to be more sensitive markers than Scr in mild ischemic AKI mice and were able to detect renal dysfunction at a very early phase, even before the appearance of kidney histological injuries. Recent studies have also speculated KIM-1 and NGAL to be associated with chronic kidney injury ([@B6]; [@B23]; [@B7]). However, few studies have focused on the temporal profile of KIM-1 and NGAL levels during AKI-to-CKD progression. Here, for the first time, we examined the concentration of KIM-1 and NGAL at different time points during disease progression in IRI mouse models to evaluate whether these two tubular biomarkers could provide a dynamic monitoring of AKI-to-CKD progression. Our data showed that serum and urine levels of KIM-1 peaked at the acute phase but decreased gradually afterward, while NGAL increased continuously from the initiation of AKI to the chronic phase of the disease, indicating NGAL might be a better biomarker than KIM-1 in monitoring progression of AKI to CKD. This was consistent with the findings in a matched case-control study of 143 CKD patients suggesting that higher NGAL levels, but not KIM-1 levels, were associated with incident CKD stage 3 ([@B3]).

NGAL, a 25-kDa protein of the lipocalin superfamily, is expressed at low levels in normal human tissues and is rapidly released from renal tubular cells after various injuring stimuli, which represents a novel, sensitive, specific biomarker for early detection of AKI ([@B29]; [@B18], [@B17]). In our study, blood and urine levels of NGAL increased transiently in the reversible AKI model, whereas NGAL levels increased substantially and continuously during the AKI-to-CKD transition in the progressive IRI mice model. Another transcriptional study also demonstrated the gene expression of NGAL remained in high level during AKI-to-CKD progression in IRI mice ([@B23]). Clinically, NGAL may be a marker of CKD progression as well ([@B30]; [@B5], [@B6]; [@B28]; [@B8]; [@B3]; [@B1]). Bolignano D et al. measured NGAL in patients affected by non-advanced and non-terminal CKD and found that both serum and urinary levels of NGAL were increased in CKD patients and were inversely correlated with eGFR ([@B6]). Another cohort study of 163 patients with CKD stages I--V and 82 healthy volunteers also demonstrated that serum NGAL levels are significantly higher in CKD group than healthy group ([@B1]). In this study, to further test if NGAL might be an ideal biomarker to monitor AKI-to-CKD progression, we found a positive correlation between the concentration of NGAL in body fluid and the extent of tubulointerstitial fibrosis in kidney sections of IRI mice. Therefore, we suggest that progressively increasing levels of NGAL might reflect sustained kidney injury and AKI-to-CKD progression.

Conclusion
==========

In conclusion, in the current study, we established UIRI mouse models to mimic diverse clinical outcomes of ischemia-induced kidney injury in AKI patients: reversible AKI, AKI-to-CKD progression and recurrent AKI. We carefully assessed how the severity and frequency of ischemia injury determined the progression and outcome of ischemia-induced AKI. Inflammation, cell apoptosis and fibrogenesis are likely the underlying mechanisms contributing to the AKI-to-CKD transition. Both serum and urine levels of KIM-1 and NGAL enable the noninvasive and early detection of AKI. However, NGAL better reflect AKI-to-CKD transition. We believe that our study is the first to perform a detailed side-by-side comparison of different IRI animal models with variable ischemia durations and frequencies. Our findings will be helpful for scientists to select an adequate IRI model for studying different pathological processes related to AKI. We also believe that our study is the first to provide a temporal profile of KIM-1 and NGAL from the acute phase to the chronic phase in an IRI mouse model, which may help researchers and clinicians better monitor AKI progression.
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α-SMA

:   α-smooth muscle actin

AKI

:   acute kidney injury

CKD

:   chronic kidney disease

ESRD

:   end-stage renal disease

GAPDH

:   glyceraldehyde 3-phosphate dehydrogenase

IRI

:   ischemia-reperfusion injury

KIM-1

:   kidney injury molecule 1

Ly6g

:   lymphocyte antigen 6 complex locus G6D

NGAL

:   neutrophil gelatinase-associated lipocalin
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